Oxidants or nanoparticles have recently been identified as constituents of aerosols released from various styles of electronic cigarettes (E-cigs). Cells in the lung may be directly exposed to these constituents and harbor reactive properties capable of incurring acute cell injury. Our results show mitochondria are sensitive to both E-cig aerosols and aerosol containing copper nanoparticles when exposed to human lung fibroblasts (HFL-1) using an Air-Liquid Interface culture system, evident by elevated levels of mitochondrial ROS (mtROS). Increased mtROS after aerosol exposure is associated with reduced stability of an electron transport chain (ETC) complex IV subunit and nuclear DNA fragmentation. Increased levels of IL-8 and IL-6 in HFL-1 conditioned media were also observed. These findings reveal both mitochondrial, genotoxic, and inflammatory stresses are features of direct cell exposure to E-cig aerosols which are ensued by inflammatory duress, raising a concern on deleterious effect of vaping.
Introduction
Though recent studies suggest that there is reduced potential for toxicity from Electronic cigarettes (E-cigs) aerosols compared to tobacco smoke (1, 2) , the biological effects of E-cig aerosols exposed directly to lung tissues and cells are not well understood. We and others have confirmed there are also significantly high levels of oxidant reactivity and reactive oxygen species associated with aerosols from E-cigs (3) (4) (5) (6) . To determine E-cig effects on aspects of cellular toxicity involving mitochondrial metabolism, we utilized an air-liquid interface (ALI) system to better mimic real-life exposure conditions of cells to aerosols. The ALI provides the ability to glean biological effects from the interaction of cells or tissues with the physical and chemical properties of the E-cig liquids in their aerosolized state.
We assessed biological effects of direct E-cig aerosol exposure at the ALI by measuring mitochondrial reactive oxygen species (mtROS) alterations and any changes to the stability of labile electron transport chain (ETC) complex proteins. Additionally, heavy metal particles found in E-cig aerosols are also a potential mediator of cellular oxidative stress (7). Since we find relatively high levels of copper in the brand of E-cig (4), we monitored the effect E-cig aerosol on mtROS following exposure of human lung fibroblasts (HFL-1) to two forms of copper nanoparticles (oxidized and metallic). The effect of E-cig aerosols on DNA damage of HFL-1 was also assessed using the COMET method to determine the extent of DNA fragmentation relative to the time duration of the exposure sessions and if these changes correlated with an IL-6 and IL-8 cytokine response.
Materials and Methods

Scientific Rigor
We used a rigorous/robust and unbiased approach throughout the experimental plans and during analyzing the results so as to ensure that our data are reproducible along with by full, detailed reporting of both methods and raw/analyzed data.
Cell Culture
HFL-1 human primary lung fibroblasts (alveolar, Caucasian, 16 wk. fetal male) at PD 25 -35 (11) were cultured at 37°C in DMEM (supplemented with 10% FBS, 1X MEM nonessential amino acids, 2 mM L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin Penn/Strep). Before E-cig exposures, cells were cultured to 85-90% confluence under 3.0% O 2 in 6-well transwells with 1 micron pores or in T-75 culture flasks (Comet assay only).
Air Liquid Interface exposure
All ALI exposures carried out under an approved chemical flow hood. Ambient air temperature was maintained at 37°C in an air incubator located inside flow hood which housed ALI exposure vessels during experiments.
HFL-1 cultures for ROS measurements, immunoblotting, and conditioned media experiments were placed into the air-liquid interface (ALI) exposure chamber. All E-cig exposures were carried out with Lorillard Blu Classic Tobacco E-cig with16 mg nicotine (Greensboro, NC). E-cig puffs were regulated with 4 second puffs every 30 seconds for various sessions (5 minute, 10 minute, 15, minute, or 20 minute) using a timer system programed through BASIC that controls a peripheral power supply operating the lab pump (FMI, Syosset, NY). Lab pump was operated at 60% flow rate which is minimally sufficient to activate the E-cig and deliver aerosols through laboratory tubing into the ALI chamber.
For DNA fragmentation assay, HFL-1 cells were cultured in T-75 flasks and fitted on a modified test-tube rotator rod. Prior to each puff into the flask using lab tubing, its position was rotated 45° to 90° so the media collected to the side. Air or E-cig aerosols were puffed over the cells from the opening of the flask.
Mitochondria superoxide staining
Live HFL-1 cells were stained 45 minutes following ALI chamber exposures or 24 hour exposure to 1 mg/mL metal nanoparticles and metal oxides (TiO2, CuO, Cu40, C60) in culture dishes. Concentration of 2.5 μM Mitosox was used for mitochondrial staining according to manufacturer instructions (Life Technologies). Cells were counterstained with NucBlu (Molecular Probes) for imaging. Live cell images (20X) were captured on Nikon Eclipse Ni fluorescent microscope. HFL-1 Mitosox fluorescence was quantitated on a BD accuri Flow cytometer using FL2 laser and data analyzed on Flow Jo 10 software.
Mitochondria membrane potential staining
Live HFL-1 cells stained with TMRE 24 hours after exposure to metal nanoparticles (TiO2, CuO, Cu40, C60) at 1uM for 15 minutes according to manufactures instructions (Life Technologies). TRME fluorescence was quantitated on BD LSR II flow cytometer with blue C 585 excitation laser and data analyzed on Flow Jo 10.
Immunoblotting
Cell lysates were collected from HFL-1 exposed to Air or E-cig aerosols either from the ALI chamber or ALI carried out in T-75 flasks. For ALI chamber, HFL-1 cells were collected from transwells18 hours after exposures using 0.25% trypsin. Lysis was performed in RIPA buffer by vortex and multiple freeze thawing. Protein (20 mg) loaded onto a 10% PAGE-Gel and transferred to nitrocellulous following electrophoresis. Detection of ETC proteins carried out with 1:2000 dilution of human OxPhos antibody cocktail (Abcam, UK). Lysates prepared for OxPhos antibody detection by immunoblot were denatured and reduced using 1% SDS and 200 mM 2-mercaptoethanol respectively and never heat denatured. For HFL-1 lysates from T-75 flask, cells were collected 1 hour following ALI exposures. Proteins were immunoblotted for detection of human Nqo1 at 1:1000 dilution (Santa Cruz, CA).
DNA fragmentation assay
DNA fragmentation in HFL-1 cells exposed to E-cig aerosols were carried using ALI carried out in T-75 flasks. Following exposures, cells were collected and processed for comets according to the Kit manufacturer's instructions (Trevigen, MD). Fluorescent comet images of cells were collected at 20X and DNA fragmentation was quantitated as Olive Tail Moment calculated by Image J comet plug in.
ELISA
Following ALI chamber exposures, transwells were placed into 6 well plates with 3 mL fresh growth media. Conditioned media was collected 18 hours later and IL-8 and IL-6 cytokine secretion determined using the dual antibody ELISA kits according to the manufacturer's instructions (Life Technologies, MA).
Statistical analysis
Data are presented as means ± SD. Statistical analysis of significance was calculated using 2-Tailed Student's t-Test. P < 0.05 is considered as statistically significant.
Results
E-cig aerosols elevate mitochondrial ROS in cultured lung human fibroblasts
Since changes in mtROS levels can be associated with a toxic response to environmental insult (8), we sought to test the possibility that direct exposure of human lung cells to E-cig aerosols affects mitochondrial redox dynamics. HFL-1 cells exposed to E-cig aerosols at the ALI results in acute increased production of mtROS compared to steady state levels of mtROS in air exposed control cells (Fig. 1A) . Increasing exposure duration did not significantly increase mtROS levels in aerosol exposed cells compared to air control groups.
Rather, there is a slight yet significant reduction in the amount of mtROS present after 20 minute duration aerosol exposure compared to 10 minute or 15 minutes (Fig. 1A ).
Live mitochondria with elevated ROS are visualized with fluorescent microscopy after Air or E-cig aerosol exposures and Mitosox staining. E-cig aerosol exposed HFL-1 cells reflected similar staining effects for presence of mtROS to HFL-1 treated with mitochondrial complex III inhibitor Antimycin A (Fig. 1B) . Next, we determined if E-cig aerosols play a role in mediating activation of antioxidant response element (ARE)-inducing genes since longer exposure sessions appeared to slightly attenuate mtROS production. Either Air or Ecig aerosol exposure was carried out for 5 minute, 10 minute, or 20 minute exposure session with totally cellular proteins collected shortly after exposures. The level of ARE inducible Nqo1 expression increased for the 10 minute and 20 minute exposure sessions (Fig. 1C) . Similarly, exposure of HFL-1 for a 10 minute session with E-cig aerosols resulted in increased average Nqo1 levels when cellular proteins were collected 18 hours following exposures (Fig 1C) . Thus, E-cig aerosols are sufficient to elevate mtROS and trigger antioxidant response element (ARE) responsive genes.
Metal particles identified in E-cig aerosol induce mtROS
We and others have previously detected copper or titanium in E-cig aerosols (4, 7). To determine if these metals alone could influence levels of mROS, HFL-1 cells in culture were treated with TiO2, CuO (30 nm), or metallic Cu nanoparticles 40, and 60 (40nm, 60nm). After 24 hours, there was a significant increase in the level of mtROS in cells treated with the copper metal nanoparticles (Fig. 2A) . The increase in mtROS occurred concurrently with reduction in mitochondrial membrane potential (Fig. 2B ). For TiO2, there was an increase average level of mtROS and decrease average level of membrane potential ( Fig. 2A and 2B ) though neither change was significant (p > 0.05). These data suggest a possible mediator of mtROS generation by E-cig aerosols might depend on the presence of metal particles such as copper released from the E-cig.
Mitochondrial complex IV stability is sensitive to E-cig aerosols
Since mtROS levels were acutely affected by exposure to the aerosols, single ETC protein subunits representing each of the IV complexes were measured for stability. Compared to ALI Air exposed HFL-1 cells, E-cig aerosol exposed cells exhibited complex IV sensitivity as observed by decreased levels of COX II (MTCO2) subunit in cell lysates collected 18 hours after aerosol exposure (Fig. 3A and 3B) . A reduced level of complex I NDUFB8 subunit in addition to reduced COXII was observed in cell lysates harvested 90 minutes after exposure (Fig. 3C ) Therefore, the impact of E-cig aerosol exposure on mitochondrial dynamics includes alterations to respiratory components.
E-cig aerosols promote whole cell DNA fragmentation
We measured the extent of DNA fragmentation in HFL-1 cells exposed to E-cig aerosols. The alkaline comet assay allowed visualization and later quantification of the extent of DNA fragmentation after ALI exposures (Fig. 4A) . Although a 5 minute aerosol exposure did not produce any difference in DNA fragmentation, longer exposure sessions (10 minute and 15 minute) resulted in significant increases in DNA fragmentation compared to Air control groups (Fig. 3B) . However, as the exposure duration increased, the likelihood for DNA damage increased in the Air control group as well. The percent increase in DNA fragmentation in E-cig aerosol to Air exposed control group for the 10 minute session is higher (74% increase) compared to the 15 minute session (57% increase) suggesting longer aerosol exposure did not further enhance DNA fragmentation even though increased DNA fragmentation is an outcome of E-cig aerosol exposure.
E-cig aerosol induced secretion of IL-6 and IL-8 from HFL-1
We followed up on our DNA fragmentation and altered mtROS results by quantitating post E-cig aerosol ALI exposure levels of HFL-1 pro-inflammatory cytokines IL-6 and IL-8 in conditioned media. A 10 minute aerosol exposure session resulted in increased IL-6 secretion (45.70 pg/mL) after 18 hours post E-cig exposure compared to IL-6 levels (7.34 pg/mL) from Air control group (Fig. 4C) . IL-8 levels (28.02 pg/mL) compared to Air group (16.42 pg/mL) was also increased (Fig. 4D) . From this data, we conclude ALI E-cig aerosol exposure elicits inflammatory signaling which reflects an inflammatory distress response and indicates E-cig aerosols are capable of mediating biological effects associated with increased mtROS and genotoxic stress.
Discussion
We used HFL-1 to test the hypothesis as these cells have been shown to undergo cellular senescence via mitochondrial dysfunction by cigarette smoke extract (9) . Following HFL-1 aerosol exposure using the ALI, we observed an increase in mtROS. The HFL-1 cells appear to have the ability to limit further mtROS production from longer exposures. The 20 minute exposure session resulted in significant increase in mtROS compared to Air control, however, levels were somewhat reduced compared to a 10 minute ALI aerosol exposure. This suggests that it is possible equilibrium between mtROS production and antioxidant activity is achieved. This would be consistent with our results showing time dependent induction of NAD(P)H quinone dehydrogenase 1 (Nqo1) in cells harvested both shortly after E-cig aerosol exposures and additionally following 18 hour post exposure incubation. The elevated level of mtROS we observe may thus, reflect a signaling response that could mediate antioxidant regulation. E-cig aerosol upregulation of the antioxidant response element (ARE) protein Nqo1, suggests activation of the Nrf2 pathway. E-cigs are capable of producing carbonyls to various amounts (some considered very high) which is partly due to voltage, but may be due to nicotine solvent, flavors, or device design (10, 11) . The device we used for our ALI exposures functions at 3.7 V which is sufficient to produce carbonyl compounds (12) . Increased Nqo1 levels indicate electrophilic reactivity may also be present in E-cig aerosols as Nqo1 regulation by Nrf2 is highly sensitive to electrophiles. This finding is not completely unexpected considering aldehyde compounds can harbor electrophilic activity and have been detected in E-cig aerosols (13, 14) . However, it is unknown whether E-cig aldehyde reactivity in aerosols is contributing to enhanced Nqo1 levels we observe using a device with disposable cartomizer.
Our results show that mitochondria respond acutely to direct E-cig aerosol exposure by increasing mtROS to higher relative levels compared to air exposed cells. Complexes I and III are known to be the major source of superoxide (O 2 − ) mtROS. Acutely inhibiting bc 1 complex III subunit with antimycin A will block electron transport to cytochrome c leading to enhanced O 2 − generation which is the presumed target of the Mitosox indicator dye.
Though we did not assay for changes in ETC complex activity, we find significant reduction in the stability of complex IV cytochrome C oxidase subunit II (mtCOII). It is proposed this may result in inefficient transfer of electrons and promote "electron leak" leading to formation of mtROS rather than efficient reduction of O 2 to water.
Mitosox detection of increased mtROS levels occurred approximately 1 hour after E-cig aerosol exposure. However, the loss of stability in mtCOII subunit was apparent 18 hours after E-cig aerosol exposure when lysates were collected. This could indicate the toxicity of the E-cig persisted in stressing the cell short of one day after exposure. Though, it is unclear if disruption in mtCOII stability occurred relatively early following aerosol exposure since one hour following exposure, cells were either mounted for Mitosox fluorescent microscopy or collected for FACS analysis.
Both DNA damage and mitochondrial dysfunction are involved in mediating inflammation signaling. The elevated levels of IL-6 and IL-8 are observed from conditioned media 18 hours after E-cig aerosol exposure which correlates with the increased DNA fragmentation and altered mitochondrial dynamics observed. The increased duration of exposure to E-cig aerosol between 10 minute and 20 minute durations did not further increase DNA fragmentation relative to Air group. We conclude higher overall levels of DNA fragmentation at longer exposure duration for both Air and E-cig aerosols likely reflects, mechanical stressors, Air flow, and media flow over cells.
Copper nanoparticles have the capacity to mediate oxidative stress and genotoxicity. The relatively high levels of copper we detect in the aerosols of the particular E-cig device we tested (4) is one of a number of metals identified in the aerosols of a similar style of E-cig compared to levels of metal particles in tobacco smoke (7) . In comparison to other airborne pollutants, copper oxide which we tested, is capable of generating high levels of oxidative stress in lung cells. It cannot be concluded from this study that the mtROS produced by Ecig aerosols, contributes to the DNA fragmentation we observe, or if the copper released from this particular device is also involved in mediating cell stress. HFL-1 cells treated separately with a variety of copper nanoparticles exhibited significant increases in mtROS while concurrently cause a reduction in mitochondrial membrane potential which is consistent with reported effect of copper toxicity in cultured astrocytes and neurons (15) . We also treated HFL-1 with Titanium dioxide (TiO 2 ) particles which have been shown to induce cellular cytotoxicity and induce DNA damage in lung cells, but did not elicit significant increases in mtROS or reduction in mitochondrial membrane potential. We do not know if our particular device releases titanium or not. Elevated mitochondrial ROS may not be overwhelmingly stressful except when formed in the presence of transition metals such as copper which promote formation of reactive nitrogen species in various cell types (15) . We further found that E-cig derived copper particles disrupted mitochondrial membrane potential, mitochondrial mass, ATP levels, and mtROS in primary human airway epithelial cells implicating mitochondrial dysfunction by E-cig aerosol (data not shown). Oxidants and possibly reactive properties of metal particles in E-cig aerosols impart mitochondrial oxidative stress and DNA damage. These biological effects accompany inflammatory response which may raise concern regarding long term E-cig use. Mitochondria may be particularly sensitive to reactive properties of E-cig aerosols in addition to the potential them to induce genotoxic stress by generating increased ROS. The reactive properties of E-cig aerosols on cells or tissue however, require further examination to gather better conception of E-cig usage versus risk.
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Research Highlights
• Mitochondria are sensitive to both E-cig aerosols and metal nanoparticles.
• Increased mtROS by E-cig aerosol is associated with disrupted mitochondrial energy
• E-cig causes nuclear DNA fragmentation.
• E-Cig aerosols induce pro-inflammatory response in human fibroblasts. Lerner 
